Objectives-The reliability of quantifying intratendinous vascularization by highsensitivity Doppler ultrasound advanced dynamic flow has not been examined yet. Therefore, this study aimed to investigate the intraobserver and interobserver reliability of evaluating Achilles tendon vascularization by advanced dynamic flow using established scoring systems.
U ltrasound (US)-detectable intratendinous vascularization is frequently associated with tendon disorders because of its occurrence in 47% to 88% of patients with Achilles tendinopathy. 1 However, a mere association with disorders is questionable, 1,2 since vascularization has been recently also found in up to 35% of asymptomatic Achilles tendons, 3, 4 and has shown an increased presence in response to exercise. [5] [6] [7] A differentiation between physiologic (1-2 vessels) and pathologic (>2 vessels) vascularization has been suggested 2 but lacks consistent evidence. 8 Overall, it remains debatable whether US-detectable vascularization is an indicator of a disorder, 9, 10 implies a predisposition to a disorder, 8 or can also be considered a physiologic finding. 2, [5] [6] [7] 11 Further exploration of its role requires a precise, reliable, and practicable assessment that accurately determines the extent of vascularization. Hence, the scoring procedure is one essential task. Various qualitative, semiquantitative, and quantitative scoring systems are available for evaluating the degree of vascularization commonly assessed by power or color Doppler US. 12 Originally, the first scoring system was defined by Ohberg and Alfredson, 13 grading vascularization from 0 to 4 1 according to the presence of vessels inside the tendon. This score has been modified several times, adapting categorizations by altering the locations and amounts of vessels or defining higher grades based on the percentage of the tendon area covered with color. 6, 8, 11, 14 Another approach has been the qualitative grading of "no," "mild," "moderate," and "severe" vascularization, 15 comparable with scores used in rheumatology. 16 Others have evaluated vascularization by determining the total vessel length (millimeters), 17 counting the total number of vessels, 18 or quantifying color pixels in the Doppler US image. 2, 5, 19, 20 Previous studies have reported good interobserver reliability in applying a modified Ohberg score (intraclass correlation coefficient [ICC], 0.85) 14 or estimating vessel length (ICC, 0.84-0.85). 17 Qualitative scoring has revealed decent intraobserver (Spearman r 5 0.75-0.85) and interobserver (Spearman r 5 0.76-0.92) reliability. 15 However, visualization and discrimination of vessels when applying conventional Doppler modes are limited because of the low frame rate, overpainting of vessel walls (blooming effect), and presence of artifacts. 21 In consequence, the exact quantification of vascularization is limited.
High-sensitivity, recently developed broadband Doppler "advanced dynamic flow" with US imaging comparable with the B-scan quality, color mapping to show the direction of flow, and a higher resolution and frame rate has shown enhanced precision in distinctly depicting and discriminating vessels compared with conventional Doppler US in prenatal vascular imaging. 21, 22 Its applicability and reliability in tendon examinations have been shown recently. 4, 8, 23 However, the reliability of adequate scoring procedures has not been investigated yet. Therefore, the aim of this study was to investigate the intraobserver and interobserver reliability of evaluating Doppler US recordings of Achilles tendon vascularization examined with advanced dynamic flow by applying 3 established scoring systems used for conventional Doppler US modes: the original Ohberg score, 13 a modified Ohberg score described by Hirschm€ uller et al, 3 and counting the number of intratendinous vessels (counting score). 18 
Materials and Methods
Participants Sixty-seven Doppler US videos recorded in a previously conducted investigation 23 were reevaluated for this study. The recordings were acquired in several areas with vascularization throughout the whole left and right Achilles tendons (from the tendon insertion to the musculotendinous junction) of 14 participants with acute or chronic unilateral or bilateral Achilles tendinopathy (mean 6 SD of Victorian Institute of Sports Assessment-Achilles score 72 6 15). 24 The presence of Achilles tendinopathy was diagnosed in cases with a positive history of tendon pain and pain on palpation of the tendon, 25 assessed by a sports medicine physician with 4 years of clinical practice and study participation using musculoskeletal US. 23 The participants were recruited from the university outpatient clinic. All participants gave their written informed consent. The study was approved by the local Ethics Committee.
Study Design
The US recordings of Achilles tendon vascularization were evaluated by 3 blinded investigators. For an equal understanding of the 3 scoring systems, all investigators were instructed together before the study. To investigate interobserver reliability, each investigator scored the same randomized, blinded recordings 3 times, applying the different scoring systems in a randomized order (for M1 and M2). To investigate intraobserver reliability, the procedure was repeated (M2) with a different randomized order of scoring systems and recordings ( Figure 1 ). Evaluations were separated by intervals of at least 2 days. 
Ultrasound Recordings
Video clips were recorded with a high-resolution US device (Xario SSA-660A; Toshiba Medical Systems Co, Ltd, Tokyo, Japan) using a multifrequency linear transducer at 14 MHz (PLT-1204AT). Participants were investigated in the prone position with the feet hanging free over the distal end of the examination table. The B-mode was set at gain of 80, dynamic range of 65, penetration depth of 3 cm, and focus of 0.5. The Doppler advanced dynamic flow mode had standardized presets: color gain of 40 to 42 (just below the level that produces random noise), color velocity of 1.5 cm/s (optimized to detect low flow), pulse repetition frequency of 12.5 kHz, and Doppler focus at 0.75 cm. The box size of the region of interest (ROI) was 2.0 cm wide and 1.5 cm deep. Each US recording consisted of a video sequence (5 seconds) saved as an audio-video interleaved file ( Figure 2 ). 23 
Data Analysis
The investigators applied 3 scoring systems for quantifying vascularization in the US recordings in continuous loops: (1) the original Ohberg Score, grading vascularization from 0 to 4 1 according to the appearance of vessels inside a tendon 13 ; (2) (3) counting score, counting the total absolute number of vessels, every branch representing a single vessel (Table 1) .
Statistical Analysis
The statistical analysis was performed with Excel 2010 (Microsoft Corporation, Redmond, WA) and SPSS version 20 (IBM Corporation, Armonk, NY) software. The significance level was set to a 5 .05. Descriptive statistics are presented as median and range and mean 6 standard deviation. The intraobserver and pair-wise interobserver reliability of the Ohberg score and modified Ohberg score (absolute values) were analyzed by calculating the Cohen j coefficient for absolute agreement and the Kendall s b correlation coefficient for relative agreement, taking the degree of deviation into account (main result). 26 The interobserver comparison among all 3 investigators was analyzed by the Fleiss j coefficient (absolute agreement) and Kendall coefficient of concordance (W; relative agreement). The intraobserver and pair-wise inter-observer reliability for the counting score (absolute values) was analyzed by the ICC 2.1 and 95% confidence interval (CI), standard error of measurement (SEM, square root of the mean square error term in a repeated-measures analysis of variance 27 and a Bland-Altman analysis with bias and limits of agreement (LoA; bias 6 1.96 3 SD). The 
Results
The 14 participants included 7 men and 7 women with a mean age of 39 6 12 years, mean height of 1.76 6 0.10 m, and mean weight of 74 6 15 kg. The overall median scores in M1 and M2 were 3 and 2 (range, 0-4) for the Ohberg score and 2 and 2 (range, 0-5) for the modified Ohberg score, respectively. Overall mean counting scores were 6 6 6 (range, 0-34) in M1 and 7 6 7 (range, 0-34) in M2. Distributions of vascularization scores (M1) for each grading system are presented in Figure 3 . The Ohberg score resulted in substantial to excellent absolute (0.61-0.87) and excellent relative (0.87-0.95) intraobserver agreement and slight to substantial absolute (0.11-0.66) and substantial to excellent relative (0.76-0.92) interobserver agreement (Tables 2 and 3 ). The modified Ohberg score showed overall higher consistency than the Ohberg score, with excellent absolute (0.81-0.87) and relative (0.92-0.95) intraobserver agreement and substantial absolute (0.64-0.80) and excellent relative (0.88-0.97) interobserver agreement (Tables 2 and 3 ). The counting score revealed the highest correlations, with excellent intraobserver agreement (ICC, 0.94-0.97; SEM, 1.0-1.5; bias, -1; and LoA, 3-4 vessels). Also, interobserver reliability was excellent (ICC, 0.91-0.98; SEM, 1.0-1.9; bias, 0; and LoA, 3-5 vessels; Tables 2 and 3 and Figure 4 ).
Discussion
The aim of this study was to investigate reliability of 3 scoring procedures for evaluating the amount of intratendinous vascularization in Achilles tendons assessed with Doppler US advanced dynamic flow. The counting score showed the highest agreement for both intraobserver and interobserver reliability, followed by very good results for the modified Ohberg score with slightly higher intraobserver than interobserver reliability. The Ohberg score revealed decent intraobserver but unexpected low interobserver agreement. Both the counting score and modified Ohberg score seem convenient for evaluating advanced dynamic flow recordings in research and clinical practice and showed even higher reliability than previous reports for conventional Doppler modes. 14, 17 The original Ohberg score, on the other hand, cannot be recommended for scoring advanced dynamic flow recordings.
The 3 scoring procedures applied for advanced dynamic flow imaging were chosen because of their assumed practicability for clinical assessment. Scores must account for a wide range of vascularization, since it can vary from occasionally present single tiny vessels up to a great extent of complex vascularity throughout the tendon. The counting score seems advantageous for quantifying the absolute amount of vessels throughout the tendon during static and dynamic recordings. According to our results, it can be considered very reliable, with a measurement error of 1 to 2 vessels, and observer independent, since there was no relevant difference in agreement between intraobserver and interobserver scoring. Previous investigations have applied this score for quantifying vascularization assessed with power and color Doppler US 7,18 but have not reported on its reliability. Due to the excellent reliability found in this study, the counting score seems sensitive to slight changes in the number of vessels even when scoring complex vascularity; however, their magnitude in terms of vessel size and length remains unknown. Nevertheless, this scoring procedure allows for easy, immediate, and absolute quantification of intratendinous vessels and therefore seems adequate for application in clinical practice.
The modified Ohberg score seems feasible for grading the amount of vascularization in a specific ROI of an image, with the advantage of discriminating up to 5 single vessels and differentiating a higher amount of vessels in the percentage of the tendon area covered with color by also considering the magnitude of vascularization. 8 A disadvantage is the lack of precision for determining smaller changes in higher scores and its impracticability for evaluating vascularization in the whole tendon. The modified Ohberg score showed slightly higher correlations for intraobserver than interobserver reliability. Therefore, it is recommended that an evaluation using the modified Ohberg score be performed by the same investigator. Obviously, the relative agreement showed higher results than the absolute agreement, indicating that deviation in nonmatching scores was very low.
The modified Ohberg score has been applied already in previous investigations for evaluating advanced dynamic flow imaging in Achilles and patellar tendons. 3, 4, 23 Reliability in terms of the clinical assessment of Achilles tendon vascularization using advanced dynamic flow has revealed slightly lower intraobserver (Kendall s, 0.84-0.92) and only moderate interobserver (Kendall s, 0.68-0.70) reliability 23 compared with our results. It is assumed that the higher reliability in this study was a consequence of the fact that all examiners analyzed the same US images, whereas assessments of tendon vascularization in the study by Risch et al 23 included an assessment and evaluation by each investigator (experienced and inexperienced) individually. Thus, our results support the assumption that, especially, assessment of vascularization during the US examination is the challenge in clinical practice. 23 The Ohberg score was originally designed to assess a lower number of vessels throughout the tendon in color Doppler US images, 13 since Doppler modes in the past have been much less sensitive and precise in visualizing discrete vessels compared with improved Doppler modes such as advanced dynamic flow. 2 Nevertheless, the assessment of the Ohberg score grades is based on categorizing the number of vessels and therefore was expected to also reveal good reliability. However, the Ohberg score showed the lowest correlations with better intraobserver than interobserver reliability. The high relative agreement showed that disagreeing scores did not deviate much. However, the absolute interobserver agreement was so low that the Ohberg score cannot be considered applicable for practice. Since a slightly modified version with exact definitions of grades has revealed high reliability (ICC, 0.85) in examining intratendinous vascularization with power Doppler US, 14 it is speculated that the low interobserver reliability found in this study indicates a lack of accurate, consistent descriptions of Ohberg score grades and might be one reason for the numerous adaptations this score has had in the past. 5, 9, 10, 14 Currently available scores are usually based on the number of vessels, vessel length, or area of the tendon covered with color with the use of special software (pixel count or color fraction measurement). 2, 8, [17] [18] [19] [20] However, the clinical relevance of intratendinous vascularization and its magnitude (vessel length and size) remains unclear and needs further investigation. 1, 17, 29 In prenatal imaging, advanced dynamic flow has presented enhanced imaging quality with less blooming effects, superior "discrimination from neighboring vessels," and more precision in "following the course of the vessels" compared with conventional Doppler modes. 21 In tendon imaging, however, this improved imaging quality has not been as obvious in direct comparison with power and color Doppler US. 23 Consistency between the 3 Doppler modes showed excellent results (Kendall W, 0.97-0.98). However, it was reported that the applied scoring method (modified Ohberg score) was not sensitive enough to account for the improved imaging quality, thereby masking the advantages of advanced dynamic flow. 23 Hence, further research is required, and the counting score might be one appropriate method. More exact quantification and monitoring of detectable vascularization in research and clinical practice may help define a proposed threshold for differentiating between physiologic and pathologic blood flow. 1, 2, 5 Since counting the number of vessels is irrespective of determining their extent, we propose combining the counting score with quantitative measures (eg, color fraction measurement 20 to explore the role of vascularization in the context of tendon disorders or physiologic states in further studies.
In conclusion, the counting score and modified Ohberg score both showed high reliability and seem convenient for use in research and clinical practice, whereas the Ohberg score cannot be recommended in its original version. The counting score revealed the highest reliability independent of observer and seemed the most precise score for evaluating the amount of vessels in advanced dynamic flow recordings. Since the score lacks a display of the magnitude of vessels, we propose combining a quantitative evaluation in terms of the number and size of vessels in future studies to explore the role of vascularization in the context of tendon disorders and physiologic states. These features might enable a more accurate assessment, a more precise monitoring of changes over time, and the determination of a suggested threshold between pathologic and physiologic blood flow.
